The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase that is an integral component of proliferative signaling. EGFRs on the cell surface become activated upon EGF binding and have an increased rate of endocytosis. Once in the cytoplasm, the EGF⅐EGFR complex is trafficked to the lysosome for degradation, and signaling is terminated. During trafficking, the EGFR kinase domain remains active, and the internalized EGFR can continue signaling to downstream effectors. Although effector activity varies based on the EGFR's endocytic location, it is not clear how this occurs. In an effort to identify proteins that uniquely associate with the internalized, liganded EGFR in the early endosome, we developed an early endosome isolation strategy to analyze their protein composition. Postnuclear supernatant from HeLa cells stimulated with and without EGF were separated on an isotonic 17% Percoll gradient. The gradient was fractionated, and early endosomal fractions were pooled and immunoisolated with an EEA1 mAb. The isolated endosomes were validated by immunoblot using antibodies against organelle-specific marker proteins and transmission EM. These early endosomes were also subjected to LC-MS/MS for proteomic analysis. Five proteins were detected in endosomes in a ligand-dependent manner: EGFR, RUFY1, STOML2, PTPN23, and CCDC51. Knockdown of RUFY1 or PTPN23 by RNAi indicated that both proteins play a role in EGFR trafficking. These experiments indicate that endocytic trafficking of activated EGFR changes the protein composition, membrane trafficking, and signaling potential of the early endosome.
The epidermal growth factor receptor (EGFR) 2 is the prototypical receptor-tyrosine kinase (RTK) with established roles in developmental biology, tissue homeostasis, and wound healing (1) . In addition, overexpression and activating mutations of EGFR have been associated with many cancers including brain, lung, breast, pancreatic, and colon cancers (2) . Although there are Food and Drug Administration-approved chemotherapies that target the EGFR directly, these therapies can be refractory and do not have long-term efficacy (3) . A better understanding of EGFR signaling is an important first step for positively and negatively regulating signaling via pharmacological intervention.
The fundamentals of how a ligand, such as EGF, binds to the EGFR, induces receptor dimerization and transphosphorylation, and elicits downstream effector activation is well-established (4, 5) . The molecular mechanisms that regulate the magnitude, duration, and specificity of EGFR⅐ effector communication are less understood, but these factors determine receptor specific cell biology such as cell proliferation, migration, and differentiation. Further, alterations in regulatory mechanisms are associated with cell transformation (6) and have been targeted to promote receptor activity to enhance wound healing (7) .
One of the most critical regulatory mechanisms is ligandmediated endocytosis. Concurrent with receptor dimerization and phosphorylation, ligand binding also increases the rate of EGFR internalization (8) . At physiological ligand concentrations, the ligand⅐receptor complex translocates along the plasma membrane and is enriched in clathrin-coated pits that pinch off to give rise to intracellular clathrin-coated vesicles. The clathrin is shed from these vesicles, and the resulting intermediate vesicle fuses with the early endosome. Depending on multiple factors such as the activating ligand (9) , cell type, and receptor density, the early endosome then readies the receptor for its ultimate cellular destination, be it the plasma membrane (10) , lysosome (11) , endoplasmic reticulum (12) , or nucleus (13) . This process governs how long the ligand⅐receptor complex is active, the localization of the receptor, and its proximity to downstream effectors.
The EGFR and other RTKs continue to signal once they are inside the cell (14) . Several groups have demonstrated that specificity in EGFR⅐effector communication is conferred through the spatial regulation of the endocytic pathway. In fact, some work has shown that receptor endocytosis is obligatory for certain receptor⅐effector interactions (11) . Many downstream effectors are associated with the early endosome, either as integral membrane proteins, as associated mem-brane proteins, or through interactions with integral membrane proteins (15) . In many cases, however, the identification of associated membrane proteins entailed a bias selection of candidate proteins. We hypothesized that this strategy may have overlooked key regulatory or effector proteins. In an effort to identify novel proteins that associate with the early endosome in an EGF-dependent manner, we sought an unbiased approach. This study combines classic biochemical approaches for endosomal enrichment with MS to identify associated proteins.
We have developed a noninvasive strategy to enrich and purify early endosomes from cells stimulated with or without physiologic levels of EGF and used LC-MS/MS to analyze the proteome of both populations. In addition to several expected early endosomal proteins, we identified four novel proteins that associate with early endosomes in an EGF-dependent manner: RUFY1, STOML2, PTPN23, and CCDC51. Among the roles for these proteins are membrane trafficking and cargo sorting (16, 17) . Knockdown of these proteins resulted in altered kinetics of EGF⅐EGFR endocytic trafficking. The long-term impact of this work is critical, because it is impartial in protein discovery. There are implications in understanding the contribution of the endocytic pathway in EGFR signaling under physiological and pathological conditions, as well as for the signaling of other cell surface receptors.
Results
The overarching goal of these studies was to use an unbiased approach to identify proteins that associate with the early endosome in an EGF-dependent manner. All experiments were performed using HeLa cells, a human adenocarcinoma cell line (18) . HeLa cells express physiologic levels of EGFR (ϳ50,000 EGFRs/cell) (19) , the trafficking of which has been extensively characterized; grow rapidly; and are relatively easy to culture (20) .
EGF colocalizes with EEA1-positive vesicles
To determine the time point at which the EGFR was maximally localized to the early endosome, we used indirect immunofluorescence probing for the early endosome marker, EEA1 (early endosome autoantigen 1) (21) following Alexa 647-EGF treatment (Fig. 1 ). The addition of EGF induces a time-dependent redistribution of EGFR into the cytosol and colocalization with EEA1. Fifteen minutes after the addition of EGF, there is a peak accumulation of EGF costaining with EEA1. These kinetics of endocytic trafficking are consistent with previous reports (9, 22) . After 30 min of EGF treatment, there is a decrease in EGF and EEA1 costaining, which is consistent with reports that the EGF⅐EGFR complex is trafficked out of the early endosome 30 -60 min after EGF stimulation (23, 24) . Subsequent experiments use 15 min of EGF treatment to maximize the receptor association with the early endosome.
EGFR colocalizes with early endosomal proteins in isotonic Percoll gradient fractions
To biochemically enrich the early endosome population, post-nuclear supernatant (PNS) was prepared from HeLa cells treated without and with EGF and separated on a 17% isotonic Percoll gradient (25) . Fractions of Percoll gradients were subjected to immunoblot for EEA1, EGFR, phosphorylated EGFR (Tyr(P)-1068), transferrin receptor (TfnR) (early/recycling endosome marker), and LAMP2 (late endosome/lysosomeassociated membrane protein 2) (late endosome/lysosome marker) ( Fig. 2A ). EGFR peaked in the same fractions as EEA1 and TfnR (R f ϭ ϳ0.25-0.10) independent of EGF treatment. The gradient distribution of LAMP2 indicated that there is a Serum-starved HeLa cells were pulse-chased with Alexa 647-EGF (10 ng/ml) for 0, 5, 15, and 30 min. The cells were fixed and processed for indirect immunofluorescence using an EEA1 antibody and fluorescently labeled secondary antibody (goat anti-rabbit Alexa 488). Scale bar, 20 m. A, images are representative of three independent experiments. B, the extent of colocalization between EGF and EEA1 was measured as described under "Experimental procedures." The data are plotted as the percentages of colocalization for each time point (four images were taken per time point, i.e. each data point measured one image). Three independent experiments are represented with three distinct bars. Approximately 300 cells total were analyzed per time point per condition, per experiment. Scale bars, 20 m. The images were quantified using ImageJ software. A Pearson's correlation was calculated for each of the three experiments comparing EGF fluorescence to total EEA1 fluorescence: r ϭ 0.8790, r ϭ 0.9608, and r ϭ 0.9659.
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distinct, but not complete separation of early and late endosomes/lysosomes within the Percoll gradient, although a lesser amount of LAMP2 is present in the early endosome peak fractions. This less intense peak of LAMP2 increases upon EGF ligand stimulation. Phosphorylated EGFR (at tyrosine residue 1068, i.e. Tyr(P)-1068) was detected to differentiate between active and inactive receptors. There was a low basal level of phosphorylation in the unstimulated fractions, likely reflecting the population of constitutively recycling EGFR. These levels increased upon EGF stimulation and corresponded with EEA1 peak fractions. We also monitored the distribution of Na/K-ATPase (plasma membrane marker) and Calnexin (endoplasmic reticulum marker) in Percoll gradient fractions and found that both markers peaked in the same fractions as EEA1 and EGFR. These immunoblots were quantified and the relative distribution of each protein in the Percoll gradient was plotted ( Fig. 2B ). We noticed that Na/K-ATPase has peak concentrations in the same fractions as EEA1. This is because the density of plasma membrane is very close to the density of early endosomes (i.e. 1.045 g/ml) (26) . Na/K-ATPase has also been shown to undergo endocytosis under certain conditions, and its presence in these fractions may also indicate early endosomal localization (27) (28) (29) . These data highlighted that despite significant enrichment of the early endosome, there is a need for additional endosome purification.
EEA1 targeting antibodies purify early endosomes
Because of the presence of other contaminating organelles in the EEA1 fractions, an affinity purification strategy was used to further isolate the enriched early endosomes. Percoll gradient fractions with an R f of ϳ0.25-0.10 (ϳ1.04 -1.03 g/ml density) were immunoisolated using an EEA1 mAb (Cell Signaling) and protein G-conjugated to magnetic Dynabeads (Invitrogen). Magnetic beads were selected for the purification strategy to provide a rapid and gentle platform, because the substrate can be quickly and easily precipitated on a magnet. The steps of this newly developed purification strategy are outlined in Fig. 3 . Samples from each step of the process were collected and immunoblotted for multiple organelle marker proteins (Fig. 4A ). Our strategy yielded 100% pulldown of EEA1 and ϳ7% pulldown of the constitutively recycled TfnR in both EGF stimulated and unstimulated samples. Although we expected greater pulldown of TfnR, it is not surprising because the constitutively recycled receptor is also localized to the plasma membrane and recycling endosomes. Alternatively, this low yield of TfnR could indicate that our early A, PNS was prepared from HeLa cells treated with and without EGF (10 ng/ml) for 15 min. PNS was resolved on a 17% isotonic Percoll gradient, fractionated, and resolved by 7.5% SDS-PAGE. Proteins were transferred to a nitrocellulose membrane and immunoblotted for phosphorylated (Tyr(P)-1068, pY1068) and total EGFR as well as the following marker proteins: EEA1 (early endosomes), TfnR (early and recycling endosomes), LAMP2 (late endosomes and lysosomes), Na/K-ATPase (plasma membrane), and Calnexin (endoplasmic reticulum). The immunoblots are representative of three independent experiments. B, relative intensity of the immunoblots in A. Circles on the x axis represent density bead migration (R f ϳ0.93 ϭ 1.109 g/ml, ϳ0.91 ϭ 1.070 g/ml, ϳ0.89 ϭ 1.057 g/ml, ϳ0.59 ϭ 1.049 g/ml, and ϳ0.20 ϭ 1.042 g/ml).
endosomes are not remaining intact throughout the isolation procedure.
Immunoisolated fractions contained early endosome markers (e.g. EEA1 and TfnR) and were largely devoid of markers of other organelles (LAMP2, Na/K-ATPase, and Calnexin) ( Fig.  4B ). EGF treatment increased total and phosphorylated EGFR. Together, these data indicate that we are successfully enriching EGFR-containing early endosomes. In both samples, the majority of phosphorylated EGFR was detected in the pass-through and not in the elution. This result, along with the low levels of TfnR in the elution, could also suggest that the early endosomes do not remain intact during isolation. However, EGF stimulation increases the amount of total EGFR precipitated with EEA1 more than 3-fold. Further, our ability to consistently precipitate virtually 100% of EEA1 from enriched gradient fractions indicates that these membrane preparations are highly specific for early endosomes.
The absence of other organelle marker proteins was used as a negative control for early endosome precipitation. The vast majority of LAMP2, Na/K-ATPase, and Calnexin were present in the pass-through of both samples. However, low but detectable amounts were present in the elutions. It is possible that their presence indicates contamination in our preparations. It is not likely that Calnexin would be found in early endosomes under normal conditions; however, we cannot completely rule out this possibility. LAMP2 on the other hand was detected in our Percoll gradient early endosome fractions at low levels (Fig. 2) , and because it is involved in trafficking, it is likely that its presence in our sample is representative of hybrid endosomes that are undergoing maturation (30) . Very low levels of Na/K-ATPase in the elutions indicate that there is minimal but detectable plasma membrane contamination.
EEA1-purified compartments exhibit early endosome morphology
Although the biochemical data confirmed that early endosome proteins were being purified and other organelles were being excluded, we wanted to determine whether intact vesicles or membrane fragments were being pulled down. Early endosomes were enriched in Percoll gradients and affinity-purified using an EEA1 antibody and magnetic beads. The magnetic bead-endosome complexes were fixed and stained for transmission EM (TEM) as outlined under "Experimental procedures." The mean (Ϯ standard deviation) diameter (corrected using the Fullman equation) of the vesicles was 68.63 Ϯ 26.74 nm ( Fig. 4C ).
TEM has been used by many investigators to visualize endosomes. Early endosomes appear as round structures with low density staining, whereas late endosomes stain darker and contain intraluminal vesicles. This makes the two endosome types easy to distinguish using TEM. The endosomes we isolated exhibit staining, morphology, and size distribution indistinguishable from reports of early endosomes in the literature (31) .
Mass spectrometry reveals early endosome proteins and novel EGF-dependent associations
The affinity-purified endosomes were collected and subjected to LC-MS/MS as outlined under "Experimental procedures." The resulting data were uploaded into the MassIVE (http://massive.ucsd.edu/) data repository (entry MSV000081692; also shared with the ProteomeXchange (www.proteomexchange.org) under entry PXD008170). Among all three replicates, a total of more than 900 distinct proteins were detected. Here, we report an abridged list of proteins in Table 1 . Multiple proteins with known associations and functions with early endosomes and endocytosis were present with and without EGF treatment, including sorting nexins, secretory carrier-associated membrane proteins, EEA1, and TfnR. These data, along with the TEM images, validate our claim of early endosome purification.
We also compared the protein composition of the endosomes collected from cells treated with and without EGF ligand. As expected, both EGF-treated and untreated samples contain EEA1, as well as transport receptors localized to the early endosome (e.g. TfnR, low-density lipoprotein receptor (LDLR), and insulin-like growth factor 2 receptor (IGF2R)) ( Table 2 ). Our methodology was indirectly validated by the presence of proteins involved in endocytosis, intracellular trafficking, membrane recycling, etc. Among the proteins identified, there were five that were specifically present in EGF-treated samples: EGFR, CCDC51, PTPN23, RUFY1, and STOML2 ( Table 2) . Of these proteins, PTPN23 and RUFY1 play known roles in early endosome trafficking and cargo sorting (16, 17) . STOML2 is a mitochondrial protein with well-documented roles in mitochondrial and cardiolipin biogenesis (32, 33) . CCDC51 is a recently discovered coiled-coil domain containing protein that has only been described based on its structure. We have used PTPN23, RUFY1, and STOML2 to validate EGF-dependent protein associations with the early endosome.
Analysis of the candidate proteins and other downstream effectors in early endosomes
To determine whether these proteins associate with the early endosome in an EGF-dependent manner, HeLa cells were treated with and without EGF, prepared as a PNS, and separated over an isotonic Percoll gradient. The gradient fractions were immunoblotted for the candidate proteins PTPN23, RUFY1, and STOML2. It was expected that, as primarily early endosome-associated proteins, RUFY1 and PTPN23 would be 
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found in the same fractions in which EEA1 peaks or those with an R f value of ϳ0.25-0.10. There was a peak concentration of both proteins in the EEA1 peak fractions ( Fig. 5 ). STOML2, being a predominately mitochondria-associated protein, was expected to be found in the densest fractions, because mitochondria have a density of ϳ1.1g/ml. Interestingly, STOML2 staining was somewhat diffuse throughout the gradient and decreased in the EEA1 peak fractions. This suggests the possibility that STOML2 is not found strictly within mitochondria and may be associated with other organelles of various densities. The concentration of RUFY1 appeared to increase in the EEA1 peak fractions upon EGF stimulation (Fig. 5B ). Although RUFY1 (and STOML2) appear in these fractions without EGF stimulation as well, this likely indicates the association of these proteins with other organelles in these fractions, such as plasma membrane. RUFY1 is known to associate with early endosomes regardless of ligand stimulation, and it has also been suggested that RUFY1 may shuttle between the plasma membrane and endosomes (34) and can likely be found localized to both membrane populations.
RUFY1, STOML2, and PTPN23 colocalize with EGF and EEA1
We used indirect immunofluorescence to monitor the kinetics of association of our candidate proteins with the early endosome. HeLa cells were pulse-labeled with fluorescently labeled EGF (Alexa 647-EGF) for 0 -30 min. The cells were fixed and immunostained for EEA1 and each of the candidate proteins. For all three proteins, there was a time-dependent association with the labeled EGF. This is consistent with the model of the 
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liganded receptor internalizing and trafficking to the early endosome. RUFY1 and PTPN23 colocalized with EEA1 independent of EGF treatment (Fig. 6 , A and C), whereas STOML2 had low levels of colocalization with EEA1 that increased with EGF treatment (Fig. 6B ).
Loss of PTPN23 or RUFY1 changes the kinetics of EGFR endocytic trafficking
We used RNAi to knock down PTPN23 and RUFY1 in HeLa cells to determine the functional relevance of these proteins in EGFR trafficking. HeLa cells were transfected with 50 nM siRNA or siCON (scramble control) for 72 h, serum-starved, and treated with 10 ng/ml Alexa 647-EGF ligand for 0 -120 min as described under "Experimental procedures." Each experiment was repeated in triplicate, and a knockdown efficiency of more than 90% was achieved for each experiment (Fig. 7D ).
Loss of RUFY1 resulted in sustained activation of EGFR, as evidenced by the prolonged colocalization of EGF ligand with EEA1 at 60-and 120-min when compared with siCON ( Fig. 7, A  and B) . A similar prolonged association of EGF ligand with EEA1 is also seen in the PTPN23 KD samples (Fig. 7C ). In addition, the loss of PTPN23 in HeLa cells also yields an increase in the colocalization of total EGFR with EEA1. This suggests that EGFR is sequestered in early endosomes after activation and that PTPN23 plays a role in the endocytic progression (e.g. multivesicular body cargo sorting or endosomal maturation) of the receptor. This is consistent with the results of PTPN23 knockdown in other labs (16, 35, 36) .
Discussion
In this study, we developed a novel method for enriching early endosomes. Immunoblotting of Percoll gradient fractions validated the separation of early and late endosomes using EEA1 and LAMP2 as respective marker proteins. In Fig. 2 , there is a discreet amount of LAMP2 staining in the EEA1 peak fractions. Although these results could be interpreted as incomplete separation of early and late endosomes, we propose that this lower-density peak of LAMP2 represents a population of early endosomes that are maturing into late endosomes. The literature supports this notion, particularly regarding EGFR internalization driving endosomal maturation (37) . This is supported by the increased intensity of the lower density LAMP2 peak after EGF stimulation. Further, the peak of EGFR aligns with the EEA1 peak, independent of EGF treatment. The presence of EGFR in these fractions without ligand stimulation suggests that these receptors could be present in early endosomes, plasma membrane, or endoplasmic reticulum membranes. For Table 1 Early endosome and membrane trafficking proteins Proteins were detected in all EGF-treated and untreated samples from three independent LC-MS/MS analyses of EEA1-affinity-purified early endosomes. Early endosomes from HeLa cells treated with Ϯ10 ng/ml EGF for 15 min were enriched in a Percoll gradient and affinity-purified using an EEA1 monoclonal antibody. Purified endosomes were eluted in sample buffer, resolved on a 12% SDS-PAGE, stained with Coomassie, and subjected to LC-MS/MS as outlined under "Experimental procedures." The data are compiled from three independent experiments and quantified using intensity-based absolute quantification (iBAQ). A complete list of proteins can be found at the MassIVE data repository (entry MSV000081692). 
Protein abbreviation
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this reason, the affinity purification strategy was applied to the gradient enriched early endosomes. Biochemical and cell biological assays (TEM, immunoblotting, and MS) validated the purification strategy. These assays confirmed that the isolated endosomes were of the proper size and morphology, contained many expected resident proteins, and excluded markers of other organelles. One distinction we noticed is that our TEM images contain vesicles with a halo of extensions around the membrane perimeter. There are several possible explanations for this phenomenon. One is that the EEA1 antibodies conjugated to the endosomes maintained their association with the endosomes. A second is that this is staining of clathrin lattices of clathrin-coated vesicles (38) . We favor the idea that the extensions are from the EEA1 antibody, because the endosomes are preincubated with the antibody before conjugation to the beads. Clathrin lattices are unlikely, because clathrin-coated vesicles tend to be distinct compartments from early endosomes. Regardless, the TEM images confirm that the isolated compartments exhibit morphology characteristic of early endosomes.
This combined biochemical/proteomic approach revealed that EGFR, PTPN23, and three previously uncharacterized proteins (i.e. STOML2, RUFY1, and CCDC51) associate with early endosomes in an EGF-dependent manner. Unfortunately, there are no antibodies commercially available for the uncharacterized coiled-coiled domain containing protein CCDC51, so we restricted further studies to RUFY1, STOML2, and PTPN23. The temporal and spatial association with the EGFRcontaining endosomes could reflect an important role for these proteins in regulating EGFR signaling.
RUFY1 is a Rab4 effector protein and is commonly referred to by its isoforms rapib4 and rabip4Ј. It has been previously reported to have a role in receptor tyrosine kinase signaling; loss of RUFY1 has been shown to inhibit PDGF-induced migration of fibroblasts (39) . Our data support what other investigators have found-that RUFY1 colocalizes with EEA1 (34, 39, 40) ( Fig. 6A) . PTPN23 is the only one of the four identified proteins to have been well-studied in the context of EGFR signaling and trafficking. It acts as a coordinator of the ESCRT complex pathway to transport internalized EGFR into multivesicular bodies (35, 36) . Our data support the involvement of PTPN23 in EGFR endocytic trafficking (Fig. 6C) . The third protein, STOML2, has been studied predominantly in the mitochondria. The literature contains numerous clinical reports of STOML2 being a driver of proliferation in multiple cancer types and is associated with poor patient prognosis (41) (42) (43) (44) . Interestingly, the mechanism of STOML2 in cancer cell proliferation remains unknown, and the association of STOML2 with EGFR in the early endosomes introduces some interesting possibilities. Together, these findings initiate some important questions: What is the role of these proteins in the early endosome? Are they required for EGFR functions? Do they impact membrane trafficking? Do they affect EGFR signaling?
Biochemical and immunofluorescence analysis indicates that RUFY1 and PTPN23 colocalize with EEA1 independent of EGF treatment (Fig. 6 ). This observation contradicts the LC-MS/MS data that suggested there was an EGF-dependent association of these proteins with early endosomes. One possible explanation for this discrepancy is that the presence of active EGFR in early endosomes increased the affinity of the candidate proteins with the compartment. As such, the proteins may have dissociated from the endosomes during the biochemical isolation protocol without EGF stimulation; trafficking of the receptor to the endosomes stabilizes these proteins to the vesicles. 
In an attempt to further elucidate their functional role in EGFR endocytic trafficking, we used siRNA to knockdown these proteins in HeLa cells. We selected RUFY1 and PTPN23 for RNA silencing, because both RUFY1 and PTPN23, but not STOML2, have previously reported endosomal functions. As such, it is more plausible that their recruitment to the early endosome would affect endocytic trafficking of EGFR.
Loss of either RUFY1 and PTPN23 slowed trafficking of the EGF⅐EGFR complex and increased its colocalization with EEA1 ( Fig. 7) . RUFY1 knockdown yielded sustained EGF and EEA1 colocalization. This suggests that RUFY1 loss slows the endocytic trafficking of the EGFR, indicating RUFY1 enhances EGFR trafficking. RUFY1 has been reported to play a role in early endosome transport and recycling (17, 40) , and our data support this role. PTPN23 knockdown yielded sustained colocalization of EGFR with EEA1. This suggests that PTPN23 loss resulted in the sequestration of the receptor in early endosomes upon EGF stimulation. This is consistent with PTPN23 regulating EGFR trafficking toward the late endosomes/lysosomal degradation. This aligns with the work of Woodman and coworkers (16, 36) , who found that PTPN23/HD-PTP plays a critical role in multivesicular body morphogenesis and (EGFR) cargo sorting.
Of the three proteins, only STOML2 increases its colocalization with EEA1 with EGF treatment using immunofluorescence assays (Fig. 6B ). Although this association is modest, it is consistent with a model in which the liganded EGFR recruits STOML2 to the early endosome. This change in subcellular location could permit novel interactions that drive new, previously unknown functions of this protein. This is the first publication testing STOML2 fluorescence using the specified STOML2 antibody, and it is worth noting that the localization of the protein does not mirror what has been published using other STOML2 antibodies (32) . This could be due to several possibilities: 1) STOML2 may have an abnormal distribution in HeLa cells, 2) STOML2 may be overexpressed in HeLa cells and a large subgroup of the proteins are mislocalized away from mitochondria and into endosomes, or 3) STOML2 has an undiscovered association with endosomes. Another protein in the STOML2 family, SLP-1/STOML1, has been shown to localize to late endosomes (47) , which is consistent with STOML2 having a role in endocytic trafficking.
We were struck by the absence of effector proteins among those associated with the early endosome (MassIVE data repository entry MSV000081692); more specifically, those that had been previously reported to be associated with EGFR containing endosomes (e.g. Shc, Grb2, MEK2, etc.) (10, 45, 46) . As such, we wondered why these proteins were not detected in the MS analyses. Despite LC-MS/MS being a more sensitive detection method, it does have limitations. As mentioned above, lowaffinity associations with the endosomes may have dissociated during the isolation procedure. Previous work showing an association of these scaffold and effector proteins with early endosomes used immunofluorescence and immunoblotting. An alternative explanation is that the antibodies in those immunedetection methods generate an amplification of a signal, whereas LC-MS/MS quantifies only the total number of peptides present in a sample. As such, it is possible that the quantities of these and other effector proteins in the early endosomes were too low to be detected by LC-MS/MS, but sufficient for detection via immunoblot and immunofluorescence because of signal amplification.
Alternatively, despite our protocol being designed to be rapid and gentle, there is always the possibility that the endosomes did not remain intact during isolation, and some associated proteins were lost. TEM was employed to test for this possibility (Fig. 4C) , and the data from those images suggest that the compartments collected were mostly intact.
This method for endosome isolation can be adapted to isolate many other organelles, by selecting an antibody that targets an antigen with high specificity for the organelle of interest. LC-MS/MS provides the sensitivity and unbiased detection in this screen. Although other labs have monitored the subcellular location of other trafficking and signaling proteins, they have relied primarily upon biochemical techniques that require a previous knowledge or predication as to what proteins to monitor. The process developed in this study supersedes this prerequisite. Using this technique, we report an EGF-dependent association of novel proteins with the early endosome. This protocol can be extrapolated to study the spatial regulation of other endocytosed receptors, including the other ErbB family members (i.e. Her2, ErbB3, and ErbB4), and other RTKs such as PDGFR, IGF1-R, and VEGFR.
Experimental procedures
Cell lines
HeLa cells were acquired from American Type Culture Collection. The cells were cultured at 37°C in 5% CO 2 and maintained in Dulbecco's modified Eagle's medium (Gibco) supplemented with 5% fetal bovine serum (Invitrogen), 100 units/ml streptomycin, 100 units/ml penicillin, and 2 mM glutamine (18) .
Post-nuclear supernatant preparation
The cells were grown to confluence in 15-cm dishes, serumstarved for 2 h at 37°C, and then incubated with or without 10 ng/ml EGF ligand (ProSpec, catalog no. cyt-217-a) for 15 min immediately prior to harvest. The cell lysates were prepared by washing twice with room temperature PBS and equilibrating to 4°C on ice, followed by equilibrating in ice-cold lysis buffer (TES, 10 mM triethanolamine, 1 mM EDTA, 0.25 M sucrose, pH 7.2). The cells were incubated on ice with TES buffer (supplemented with 2 mM PMSF, 1 mM Na 3 VO 4 , 10 M pepstatin, and Figure 6 . RUFY1, STOML2, and PTPN23 colocalize with early endosomes and internalized EGF. A-C, HeLa cells were pulse-labeled with 10 ng/ml Alexa Fluor 647-EGF ligand (Invitrogen) for 0, 5, 10, 15, 20 and 30 min, followed by fixation in 4% paraformaldehyde. The cells were permeabilized and immunostained for EEA1 and either RUFY1, STOML2, or PTPN23 and visualized using either a goat anti-rabbit Alexa 568 or goat anti-mouse Alexa 488, respectively. Images are representative of 0-, 5-, 15-, and 30-min time points from three independent experiments. The extent of colocalization between EGF and each candidate protein or EEA1 and each candidate protein was measured as described under "Experimental procedures." The data are plotted as the percentages of colocalization for each time point. Approximately 300 cells were analyzed per time point per condition, per experiment. Scale bar, 20 m. The images were quantified using ImageJ software.
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1 M aprotinin) until cells began to swell, but before bursting (ϳ5 min), and scraped with a rubber policeman. The collected cells were pipetted up and down 40 times with a P1000 pipetman and centrifuged at 200 ϫ g for 10 min at 4°C in a tabletop centrifuge to create a PNS, which was subsequently collected. The pellet was resuspended in TES buffer and centrifuged a second time at 200 ϫ g for 10 min at 4°C. Supernatants were pooled to yield a final PNS (25) .
Percoll gradient fractionation
Percoll gradient fractionations were performed as previously described (25, 48) .
Affinity purification of early endosomes
Approximately 0.44 g of EEA1 mAb (Cell Signaling, catalog no. 3288) was preconjugated to ϳ2 ml of pooled EEA1 peak fractions (R f of ϳ0.25-0.10) from Percoll gradient samples overnight at 4°C with rotation. Protein G Dynabeads (Invitrogen) were washed three times in PBS before use, and ϳ4.0 ϫ 10 7 Dynabeads were incubated with each antibody-conjugated sample and rotated at 4°C for 1 h. Magnetic beads were isolated, and the first supernatant (pass-through) was collected. The beads were then washed three times in ice-cold PBS and eluted in 6ϫ SDS buffer containing 10% ␤-mercaptoethanol and boiled at 100°C for 3 min. Remaining samples collected were diluted in 6ϫ SDS buffer with 10% ␤-mercaptoethanol and boiled. Any samples containing Percoll were centrifuged at 21,000 ϫ g to pellet Percoll.
Immunoblotting
The samples were loaded as a percentage of total sample volume, resolved by SDS-PAGE, and transferred to nitrocellulose. The membranes were probed with the following antibodies according to manufacturer's directions: EGFR (Santa Cruz, catalog no. sc-03), TfnR (BD Biosciences, catalog no. 612124), LAMP2 (University of Iowa Hybridoma Bank, catalog no. H4B4), EEA1 (BD Biosciences, catalog no. 610456), Na/K-ATPase (Sigma, catalog no. A276, only used where indicated), Na/K-ATPase (Cell Signaling, catalog no. 3010), Calnexin (Assay Designs, catalog no. SPA-850), Tyr(P)-1068 (Cell Signaling, catalog no. 2236), PTPN23 (Proteintech, catalog no. A304-883A), RUFY1 (Thermo Fisher Scientific, catalog no. PA5-31400), and STOML2 (Abcam, catalog no. ab191884). Following incubation with the appropriate horseradish peroxidase-conjugated secondary antibody (anti-mouse or anti-rabbit, Thermo Fisher-Pierce), immunoreactive proteins were subjected to Enhanced Chemiluminescence and visualized using a Fotodyne imaging system. Western blotting was quantified using ImageJ software.
Indirect immunofluorescence
HeLa cells were grown to confluency on NaOH-treated, sterile 12-mm round glass coverslips. Serum-starved cells were incubated with EGF (ProSpec, catalog no. cyt-217-a) ligand for the indicated amount of time. Cells were stimulated with 10 ng/ml fluorescent Alexa 647-EGF ligand (Invitrogen) for 10 min and pulse-chased following previously described methods (22) . After EGF stimulation, the cells were subjected to indirect immunofluorescence as described previously (49) using EGFR (Ab-1, EMD Millipore, catalog no. GR01), EEA1 (BD Biosciences, catalog no. 610456), PTPN23 (Proteintech, catalog no. A304-883A), RUFY1 (ThermoFisher Scientific, catalog no. PA5-31400), and STOML2 (Abcam, catalog no. ab191884) primary antibodies prepared by manufacturer-recommended dilutions. Immunoreactive proteins were visualized using goat anti-rabbit Alexa 488 -and goat anti-mouse Alexa 568 -labeled secondary antibodies (Life Technologies), respectively. Coverslips were mounted onto glass slides with Prolong Gold Antifade (Life Technologies) (49) . The slides were cured in the dark overnight before imaging. The images were taken in the middle plane of the cells using a 60ϫ oil immersion objective lens on a Nikon A1R confocal microscope.
Colocalization analysis
Colocalization of EGF or EGFR with EEA1 was quantified as described by Lopez-Alcalá et al. (50) and Vanlandingham and Ceresa (22) . Briefly, analysis was carried out using ImageJ software and the colocalization plug-in (Pierre Bourdoncle, Institut Jacques Monod, Service Imagerie, Paris) to generate a binary image of colocalized pixels from two separate channels. ImageJ was used to automate channel thresholding, and colocalization was established for pixels whose intensities were higher than threshold and for which the ratio of intensity was greater than 50%. The data were plotted as the ratio of the integrated intensity from the two images. All data represent the averages of three separate experiments, with a total of ϳ300 cells measured per experiment.
Coomassie staining
Immunoprecipitated early endosomes were resolved on a 12% SDS-PAGE. The gel was rinsed once in ddH 2 O and covered with Coomassie (50% MeOH, 0.05% Coomassie Brilliant Blue R (Sigma), 10% acetic acid, 40% ddH 2 O) and microwaved for 5 s. The gel was incubated with Coomassie at room temperature with gentle rocking for 15 min. The Coomassie was removed, and the gel was rinsed twice in ddH 2 O. The gel was then covered in destain solution (7% glacial acetic acid, 5% MeOH, 88% ddH 2 O) and incubated overnight at room temperature with gentle rocking. The gel was rinsed in ddH 2 O, imaged 
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using a Fotodyne imaging system, and stored in 7% acetic acid/ ddH2O at 4°C.
In-gel protein digestion
This protocol is modified from Jensen et al. (51) . A Coomassie-stained SDS-PAGE gel was cut into 1-mm 3 plugs and incubated in 100 mM triethylammonium bicarbonate (TEA-BC; Sigma) at room temperature for 15 min. Acetonitrile was added to the TEA-BC solution, and the gel plugs were incubated at room temperature for 15 min with gentle vortexing. The solvent was removed, and the washing process was repeated until the Coomassie Blue stain was no longer visible. Solvent was removed, and the gel plugs were dried in a SpeedVac for 5 min. The dried plugs were incubated in DTT (20 mM DTT [(Bio-Rad), 100 mM TEA-BC) at 56°C for 45 min, followed by iodoacetamide (55 mM iodoacetamide (Sigma), 100 mM TEA-BC) at room temperature for 30 min protected from light. Iodoacetamide was removed, and gels were washed in 50 mM TEA-BC at room temperature for 15 min, followed by the addition of acetonitrile for 15 min at room temperature with gentle vortexing. The gel plugs were again dried for 5 min in a SpeedVac and incubated in digestion buffer (20 ng/l modified Trypsin (Promega) in 50 mM TEA-BC) for ϳ10 min until the gel plugs swelled. After swelling, 50 mM TEA-BC was added to the plugs, followed by 37°C overnight incubation in a shaker. Digestion supernatants from the upper and lower half of the gel were combined for each sample.
Extraction of peptides
This protocol is modified from Shevchenko et al. (52) . LC-MS grade water was added to the digested gel plugs to give a final concentration of 25 mM TEA-BC. Two volumes of 1:2 5% (v/v) formic acid:acetonitrile was added and incubated at room temperature for 15 min in a shaker (100 rpm in a C25 Incubator Shaker; New Brunswick Scientific). Liquid surrounding the gel pieces was transferred to a clean microtube and dissolved in chromatography buffer A (2% (v/v) acetonitrile, 0.1% (v/v) formic acid). The dissolved sample was filtered through a 0.45-m regenerated cellulose syringe filter (Thermo catalog no. F2504-7) to remove any remaining gel material. Resolubilized gel band digests were desalted and concentrated using C18 PROTO TM , 300 Å Ultra MicroSpin Column (The Nest Group, Inc., Southborough, MA). The samples were cooled to Ϫ80°C, dried using a SpeedVac and redissolved in chromatography buffer A. Sample absorbance was read at 205 nm using a Nano-Drop 2000 spectrophotometer to determine peptide concentration. Sample volumes were adjusted in buffer A to normalize peptide concentrations to 0.1 g/l.
Liquid chromatography/tandem mass spectrometry
Gel band digests (0.5 g) were separated on 12 cm of Aeris Peptide XB-C18, 3.6 m, 100 Å material (Phenomenex, Torrance, CA) packed into a 360-m outer diameter -100-m inner diameter fused silica tip that was pulled using a model P-2000 micropipette puller (Sutter Instrument Co., Novato, CA). Peptides were eluted from the column using an EASY n-LC UHPLC system (Thermo Fisher Scientific, Waltham, MA) in an 80-min linear gradient using buffer A and buffer B (80% (v/v) acetonitrile, 0.1% (v/v) formic acid) as mobile phases (from 0% buffer B to 50% buffer B). The samples were then separated by a 5-min linear gradient from 50% buffer B to 95% buffer B, followed by a 5-min wash in 95% buffer B. The sample was introduced into the LTQ-Orbitrap Elite (ThermoElectron) mass spectrometer by nanoelectrospray using a Nanospray Flex source (ThermoElectron). The ion transfer capillary temperature was set to 225°C, and the spray voltage was set to 1.6 kV. An Nth Order Double Play was created in Xcalibur v2.2. Scan event 1 of the methods obtained an FTMS MS1 scan (normal mass range; 240,000 resolution, full scan type, positive polarity, profile data type) for the range 300 -2000 m/z. Scan event 2 obtained ITMS MS2 scans (normal mass range, rapid scan rate, centroid data type) of up to 20 peaks that had a minimum signal threshold of 5,000 counts from scan event 1. The lock mass option was enabled (0% lock mass abundance) using the 371.101236 m/z polysiloxane peak as an internal calibrant. Proteome Discoverer v1.4.1.14 (Thermo Fisher Scientific) was used to analyze the mass spectrometer data. MS2 scan data were extracted from the Xcalibur RAW file, CID MS2 scans were searched in Mascot v2.5.1 (Matrix Science, Inc., Boston, MA) and SequestHT, and the results were collected in a single file. The protein database UniprotKB Homosapiens version 3/9/ 2016 reference proteome canonical and isoform sequences, with cRAP database (thegpm.org) version 1/1/2012 appended to it, were used in the Mascot and SequestHT searches. The resulting files from Proteome Discoverer were loaded into Scaffold QϩS v4.4.5 (Proteome Software, Inc., Portland, OR). The peptide false discovery rate was calculated with Scaffold local false discovery rate algorithm, and protein probabilities were calculated using the Protein Prophet algorithm. The results were annotated with human gene ontology information from the Gene Ontology Annotations Database.
Electron microscopy
Early endosomes were precipitated on protein G Dynabeads as described above. Endosome-Dynabead complexes were pelleted and fixed in 2% paraformaldehyde/2% glutaraldehyde in 0.1 M phosphate buffer (PB) overnight at 4°C. The pellets were subsequently washed in PB and fixed in 1% OsO 4 in PB for 90 min at room temperature. The pellets were washed in PB, dehydrated in an ethanol and propylene oxide series, embedded in Durcupan epoxy resin. Ultrathin sections (80 nm) were cut using a diamond knife and collected on nickel mesh grids. The grids were stained with uranyl acetate and lead citrate. The images were collected using a Hitachi HT7700 transmission electron microscope. Individual vesicles were measured and quantified using ImageJ (National Institutes of Health). The diameters of 651 endosomes were measured, and the corrected mean diameter (D) of all endosomes was calculated using the following Fullman equation: D ϭ (/2)*N/ (1/d 1 ϩ 1/d 2 . . . 1/d N ), where N represents the total number of compartments, and d represents the diameter of each individual compartment. This equation corrects for the differences in the positioning of the vesicles within the ultrathin sections that were cut.
EGF-dependent early endosomal proteins siRNA knockdown of RUFY1 and PTPN23
RUFY1 siRNA (siGENOME SMARTpool Human RUFY1 catalog no. M-016355-01, lot no. 170711) and PTPN23 siRNA (siGENOME SMARTpool Human PTPN23 catalog no. M-009417-01, lot no. 170711) were obtained from Dharmacon (Lafayette, CO). Each 5-nmol stock siRNA was reconstituted into 20 M aliquots. Scramble control siRNA (siCON) was acquired from IDTDNA (Coralville, IA). HeLa cells were seeded at 500,000 cells/60-mm dish and transfected with final concentrations of 50 nM siRNA (or 50 nM siCON) with INTERFERin (Polyplus Transfection, Strasbourg, France) according to the manufacturer's instructions. The following day (24 h post-transfection), the cells were split and plated into 24-well dishes with NaOH washed coverslips. Seventytwo hours post-transfection, cells were serum-starved for 2 h and then stimulated for the indicated time points with fluorescent 10 ng/ml Alexa 647-EGF (Invitrogen) ligand, followed by indirect immunofluorescence.
A 6-well dish was plated for each siRNA knockdown experiment. These cells were harvested in radioimmune precipitation assay buffer as previously described (53) 72-hours post-transfection and immunoblotted for RUFY1 and PTPN23 to ensure at least 90% knockdown efficiency.
Statistical analyses
Unpaired Student's t tests were used to determine significance. A p value of less than 0.05 is considered significant and is denoted with a single asterisk (*). A p value of less than 0.001 is denoted with two asterisks (**). A p value of less than 0.0005 is denoted with three asterisks (***). 
